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ABSTRACT OF THESIS 
EFFECTS OF INERTIAL LOAD ON SAGITTAL PLANE KINEMATICS DURING 
FLYWHEEL-BASED RESISTANCE TRAINING SQUATS 
Background: Training to increase muscular power is essential for improving 
athletic performance.  Flywheel resistance training (FRT), may be superior to 
weight training (WT) for improving muscular power.  The purposes of this study 
were to determine how sagittal plane joint kinematics are affected by increasing 
inertial load during FRT squats, and to determine how FRT squats compare 
kinematically to WT squats. 
Methods: Subjects (n=9) completed three visits for this study including 1-repetition 
maximum (1RM) testing and a flywheel familiarization session.  On the third visit, 
subjects were videoed while performing one set of 5 maximal effort FRT squats at 
each inertial load (0.050, 0.075, and 0.100 kgm2) as well as WT squats with a loaded 
barbell.  
Results:  There were no differences in peak sagittal plane joint angles between 
inertial loads.  Peak and mean joint angular velocities decreased with increasing 
inertial loads at the knee and trunk-hip.  Mean joint angular velocities decreased at 
the ankle with increasing inertial loads, while peak and mean trunk (absolute) 
angular velocities were unaffected. 
Conclusions: Sagittal plane joint kinematics are largely maintained despite 
increasing inertial load during FRT squats.  If training knee extensor velocity is the 
goal, then the inertia of 0.050 kgm2 is most suitable. 
KEYWORDS: iso-inertial training, muscular power, angular velocity, eccentric 
training, squat biomechanics 
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CHAPTER 1: INTRODUCTION 
It is widely accepted that the implementation of resistance training is critical 
to improve athletic performance and prevent injury in nearly all sporting 
disciplines.  Specifically, exercises to improve lower extremity muscular power are 
desirable for sports that require fast, forceful movements such as soccer, football, 
and track and field.  In fact, training to increase muscular power has become a 
common goal among both elite and recreational athletes to improve sport 
performance.  Peak concentric jump squat power, for example, has been shown to 
be moderately correlated with sprint start times at 5m (42) while mean sprinting 
propulsive power is moderately to strongly correlated with initial acceleration and 
maximum sprinting velocity (6).  Clinically, power training has been shown to be a 
promising means of improving daily function in elderly adults (36, 46).  Research 
has most commonly focused on exercises, such as the squat, that train the knee 
extensors (quadriceps) due to their importance in sport and everyday activities.  
The squat is a complex, multi-joint exercise that involves simultaneous 
flexion and extension of the hip, knee, and ankle joints.  A plethora of research has 
been conducted on weighted squat kinematics and kinetics (29, 51, 41, 5).  For the 
traditional barbell back squat, the knee undergoes approximately 90 degrees of 
flexion, the ankle (talocrural) joint goes through a range of motion of ~20 degrees of 
dorsiflexion and ~50 degrees of plantarflexion from neutral standing, and the hip 
flexes to ~95 degrees (41).  Peak joint flexion angles are reached almost 
simultaneously at the end of the eccentric (descent) phase (29).  McKean et al. (29) 
showed that loaded barbell back squats elicited increased peak knee and hip flexion 
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angles in male subjects compared to unloaded (bodyweight) squats.  Yavuz and 
Erdag (50) found increased trunk inclination at loads approaching 1 repetition 
maximum (1RM).  Although weighted squats are commonly implemented to 
improve lower extremity power and strength, different modalities outside of 
traditional weight training have emerged as an effective means to train muscular 
power. 
Flywheel resistance training (FRT), also known as iso-inertial training, 
utilizes the rotational inertia of a disk of a known mass (m) and radius (r) to 
generate resistance (I=
1
2
mr2).  When performing an exercise, muscular force is 
required to accelerate (concentric phase) and decelerate (eccentric phase) the 
flywheel.  It has been shown that FRT is comparable, if not superior, to weight 
training (WT) for increasing muscular power, size, and strength (28).  Despite the 
ubiquitous nature of the squat exercise among numerous sporting disciplines, much 
of FRT research has been conducted on simple, single-joint exercises such as knee 
extensions (22, 31, 32, 33, 35, 44).  Few studies have considered complex, multi-
joint exercises, such as the squat, that are also more sport-specific. 
Additionally, few studies have investigated how the biomechanics of 
exercises performed on a flywheel device compare to their traditional gravity-
dependent counterparts.  Few studies have considered the mechanics of complex, 
multi-joint exercises, such as the squat, when performed using a flywheel.  
Furthermore, it has yet to be fully determined if FRT causes different joint 
kinematics and kinetics compared to traditional WT. 
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Statement of Problem       
To date, no study has fully examined how changes in inertial load affect joint 
kinematics when performing a compound multi-joint exercise, such as a squat.  
Furthermore, no studies have considered how FRT squats compare kinematically to 
traditional WT back squats with a barbell. 
Purpose of Study 
The primary purpose of this study was to determine how inertial loading 
affects joint sagittal plane kinematics during FRT squats.  The secondary purpose of 
this study was to determine how FRT squat kinematics differ from those of WT back 
squats with a barbell. 
Hypotheses   
We hypothesized that higher inertial loads would result in greater peak 
trunk and knee flexion angles, and reduced joint angular velocities at the trunk, 
knee, and ankle in the sagittal plane.  We also hypothesized that the FRT squat 
would result in greater peak trunk and knee flexion angles compared to the 
traditional WT back squat. 
Significance of Study 
 To date, this is the first study to examine if FRT squats are kinematically 
comparable to WT squats.  It is also the first study to examine how increases in 
inertial load elicits changes in joint kinematics during the FRT squat.  Specifically, 
increased trunk flexion may increase risk of lower back injury, therefore, 
determining how FRT affects trunk flexion may help evaluate the safety of this form 
of exercise. 
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CHAPTER 2: LITERATURE REVIEW 
The primary purpose of this study was to determine how inertial loading 
affects sagittal plane kinematics during FRT squats.  This literature review provides 
a compilation of previous research studies that have examined muscular power, WT 
squat kinematics and kinetics, and physiological adaptations to FRT training.  
Research on comparisons between WT exercises and FRT exercises have also been 
provided in this section. 
Training for Muscular Power 
Power (P) is the product of force (F) and velocity (v) (P=Fv) and is also 
defined as the rate at which work (W) is performed (P=W/T).  To date, quantifying 
power output during dynamic, multi-joint resistance exercise in both the concentric 
and eccentric phases remains difficult.  During traditional resistance exercise, the 
only data available are often weight lifted and number of repetitions.  These 
parameters alone are insufficient to provide meaningful data concerning power 
output during activity.  Subsequently, much research has been conducted to better 
determine optimal loading for resistance training to increase power development of 
the upper and lower extremity.  Definitive conclusions are difficult to elucidate, 
however, due to differences in the methods used to measure power.  In fact, exact 
terminology and definitions used to address muscular power are often vague and 
inconsistent across studies (25).  Biomechanical studies, for example, tend to favor a 
linked segment rigid body model whereas exercise physiology studies tend to favor 
analyzing the entire human body/bar system as a whole (25).   
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Despite these limitations, numerous studies have been conducted to better 
determine the effects of resistance training on improving muscular power and 
athletic performance, as well as optimal loading for maximal power generation.  
Adams et al. (1) for example, found that both squat and squat-plyometric resistance 
training programs significantly increased vertical jump height in male subjects 
following 7 weeks of training.  Similarly, a resistance training program that includes 
both traditional barbell back squats and jump squats has been shown to be superior 
for increasing vertical jump height and power production compared to jump squat 
training alone (8).  For acute exercise outcomes, it is estimated that for the barbell 
back squat, peak power output tends to be achieved with loads in the rage of 40-
60% of 1RM (50, 8, 41, 9).  Furthermore, it has been shown that squat 1 repetition 
maximum (1RM) load is strongly correlated with weighted countermovement and 
static squat jump power up to 90% of 1RM (43).  Based on the literature it is clear 
that the traditional barbell back squat, or some variant of the squat, is a key exercise 
for power development of the lower extremity musculature. 
Squat Kinematics and Kinetics 
As above-mentioned, the squat is a pivotal exercise for strength and power 
development.  Arguably, some variant of the squat is a key part of resistance 
training programs in both athletic and clinical populations.  The traditional barbell 
back squat involves simultaneous flexion of the hip, knee, and ankle joints until the 
thighs are parallel with the floor (~90 degrees of knee flexion).  The ankle 
(talocrural) joint goes through a range of motion of ~20 degrees of dorsiflexion and 
~50 degrees of plantarflexion from neutral standing while the hip flexes to ~95 
6 
 
degrees (41).  The lower extremity, hip, and trunk musculature are then engaged 
concentrically to extend back to a standing position.  The barbell rests across the 
upper back on the upper trapezius muscle.  For optimal power output, the barbell is 
loaded sub-maximally (~50% 1RM) and the athlete performs the movement as 
rapidly as possible while maintaining proper form.  During both the descent and 
ascent, there is a hip and ankle extensor moment to control the descent eccentrically 
then facilitate the ascent concentrically (40).  The knee joint exhibits a flexor 
moment at the beginning and end of the movement, first to initiate knee flexion by 
unlocking the knee joint and to prevent knee hyperextension at the end.  In the 
middle there is an extension moment to control the descent eccentrically then 
facilitate the ascent concentrically (40).  The four quadriceps muscles and gluteus 
maximus are primarily activated eccentrically during the descent then 
concentrically during the ascent, with the gluteus maximus increasing in activity 
concentrically at greater squat depths (5). 
Flywheel Resistance Training (FRT) 
The ability to quantify measures such as power, work, torque, and force in 
daily training was until recently cost-prohibitive as it required expensive equipment 
such as force plates, 3D motion capture, or isokinetic dynamometers.  Over the past 
decade a number of valid and affordable portable devices for measuring power 
output have become commercially available including linear position transducers.  
Although these devices provide the ability to measure power output during 
resistance exercise, they are often limited to measuring only concentric power.  
Flywheel-based resistance exercise, also known as iso-inertial resistance exercise, 
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utilizes the fixed rotational inertia of a disk (flywheel) of a known radius of gyration 
and mass to impose a resistance on the user.  Increasing the mass (m) and/or radius 
(r) of the flywheel increases its rotational inertia (I=
1
2
mr2) requiring the user to 
exert greater muscular force to accelerate and decelerate the flywheel.  Therefore, 
increasing velocity of movement increases force, power, and work performed.   
Traditional weight training (WT) requires the movement of a weight through 
a range of motion against the acceleration of gravity.  The working muscles exert the 
greatest amount of force only at the point in which the moment arms of the weight 
and working muscles are least advantageous (T=Fd⊥).  This is referred to as the 
“sticking point,” which occurs during the concentric phase of the movement and is 
the limiting point of a traditional lift.  Conversely, because flywheel resistance 
exercise is iso-inertial and therefore independent of gravity, the working muscles 
are able to exert maximal force throughout the entire range of motion.   
Although variations of flywheel exercise devices exist, they most commonly 
involve a tether that is wrapped around a shaft that is connected to the flywheel.  A 
concentric muscle action unwinds the tether.  This applies a torque (T) to the 
flywheel causing it to accelerate (α), imparting kinetic energy into the system where 
T=Iα.  The flywheel is then decelerated during the eccentric phase of the movement, 
placing an “eccentric overload” on the working muscles. 
The concept of FRT is not a new one.  In 1922 A.V. Hill studied the mechanical 
efficiency of the elbow flexor muscles during a biceps curl with a flywheel and 
pulley system (19).   This same system was later utilized in Hansen and Hansen’s 
research in 1923 (16). More recently, flywheel resistance exercise devices were 
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developed as a gravity-independent modality to attenuate the deleterious effects of 
space travel on muscle strength and size (3).  Alkner & Tesch (2) for example 
showed that supine flywheel squats and calf presses attenuated atrophy of the 
triceps surae muscles and preserved quadriceps muscle volume following 90 days of 
bed rest.  This was achieved with a mere four sets of seven repetitions of maximal 
supine squats and 4x14 reps of maximal calf presses performed on every third day 
of bedrest.  Diaphyseal bone mineral density loss was also reduced in the flywheel 
resistance exercise group (39).  Today, the Advanced Resistive Exercise Device 
(ARED), a training device that utilizes a piston-driven vacuum cylinder and flywheel, 
is used by astronauts at the International Space Station to prevent muscle atrophy 
(23).  Clinically, FRT has shown superior improvements in peak knee extensor 
power and postural balance in older adults (35).  It is believed that the benefits of 
FRT are at least partially attributable to the eccentric overload imposed by having to 
decelerate the flywheel.   
Eccentric Muscle Contractions 
It is well-established that muscles are able to generate greater forces in 
lengthening (eccentric) than in shortening (concentric) or stationary (isometric) 
contractions (24, 48).  During a movement, the concentric action is the period of 
power generation in which the muscles shorten to generate force.  The eccentric 
action is the period of power absorption in which the muscles lengthen to absorb 
forces.  The eccentric action serves to store potential energy through the elongation 
of the muscle’s elastic elements, as well as attenuate risk of injury (27).  Eccentric 
contractions have also been shown to be more mechanically efficient as they elicit 
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lower electromyographic (EMG) amplitudes compared to concentric contractions 
(24, 26, 48).  Therefore, with traditional resistance training, individuals are limited 
by the weaker concentric portion of the movement, while eccentrically the muscles 
are insufficiently stimulated.   Dudley et al. (11) compared knee extensor strength 
outcomes of subjects who participated in a 19-week resistance training program 
consisting of knee extensions and leg presses with a weight stack.  Increases in 3RM 
strength for both exercises were greatest in the group that trained both 
concentrically and eccentrically as opposed to the group that trained solely 
concentrically.  Anecdotally, it was observed that because the training load (weight 
stack) is determined by the weaker concentric action, the eccentric action was 
under-stimulated by approximately 50%.  Subsequently, Hortobagyi et al. (22) 
found increased strength and EMG activity of the knee extensors following a 
strength training program in which the eccentric portion of the movement was 
overloaded by 50%.  Farthing and Chilibeck (12) saw greater muscle hypertrophy in 
subjects who completed a training program consisting of high velocity eccentric 
biceps curls compared to those that performed high velocity concentric biceps curls.  
Furthermore, Hortobagyi et al. (21) found that eccentric training alone increased 
eccentric and isometric strength far more than concentric training increased 
concentric and isometric strength.  In summary, it is clear that eccentric 
contractions are critical for improving strength and muscle mass development.  
Because flywheel resistance exercise allows for maximal muscular effort throughout 
the entire range of motion both concentrically and eccentrically, it appears to be a 
suitable means for maximally stimulating the eccentric portion of a lift.    
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FRT Applications 
In terms of interventions using FRT, Norrbrand, Pozzo, & Tesch (33) found 
significantly greater normalized EMG activity of the vastus lateralis and vastus 
medialis during the eccentric portion of a seated flywheel knee extension exercise 
when compared to a traditional knee extension using a weight stack.  Because the 
flywheel is able to optimize muscle activation both concentrically and eccentrically, 
it has been suggested to be a superior modality for increasing muscle strength and 
hypertrophy.  Indeed, Norrbrand, Fluckey, Pozzo, & Tesch (32) observed a 6.2% 
increase in quadriceps muscle volume following 5 weeks of flywheel knee extension 
training compared to a 3.0% increase in the group that used a traditional weight 
stack.  Although this difference was not statistically significant, they contributed the 
greater increase in muscle volume to the eccentric overload imparted by the 
flywheel. 
In Fernandez-Gonzalo et al. (13) both males and females exhibited ~50% 
increases in peak concentric and eccentric lower extremity power, as well as 
increased thigh muscle mass following a 6-week training program of supine 
flywheel squats.  Furthermore, reductions in markers of muscle damage (Creatine 
Kinase and Lactate Dehydrogenase) as the training program progressed showed 
that subjects were able to adapt to the eccentric overload without adverse event.  
Similarly, Naczk et al. (31) showed a 20-30% increase in maximal force and power 
outputs following a 5-week flywheel knee extension training program.  This finding 
translated into improved coutermovement jump and squat jump performance. 
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A systematic review and meta-analysis revealed that compared to traditional 
resistance training (primarily weight stack machines), flywheel-based resistance 
training tended to elicit greater improvements in concentric and eccentric muscle 
strength, power, hypertrophy, vertical jump height, and running speed (28).  The 
most robust adaptation was found to be preferential increases in muscular power 
(28).  To optimize muscular adaptations, it was recommended that a light inertia 
with high velocities of movement be implemented into a flywheel training program.  
Conversely, Vicens-Bordas et al. (47) found flywheel training to not be superior to 
traditional resistance exercise in regards to strength development and concluded 
that the current body of literature is insufficient to draw definitive conclusions.  
Furthermore, emerging evidence supports FRT to be a promising modality 
for many different clinical populations.  In fact, according to Tesch, Fernandez-
Gonzalo, and Lundberg (45), individuals suffering prolonged bedrest, disease, 
neurological pathologies, traumatic injury, or age-induced sarcopenia have all been 
shown to benefit from FRT.  Overall, the preponderance of literature supports that 
FRT can significantly benefit both athletic and clinical populations. 
FRT Biomechanics 
To date, few studies have considered the biomechanics of exercises 
performed on a flywheel and how they compare to their traditional counterparts. 
Norrbrand et al. (34) compared quadriceps muscle activity when performing seated 
flywheel squats versus traditional barbell back squats.  The seated flywheel squat 
elicited an increased range of motion of movement, a longer concentric phase, and 
greater mean and peak forces.  Specific differences at the hip, knee, and ankle joints 
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were not reported.  Surprisingly, no differences were found in normalized mean 
EMG signal of the quadriceps.  Chiu and Salem (7) compared kinetics between front 
squats, lunges, and push presses performed with a flywheel with those performed 
with a barbell.  For the front squat, the hip and ankle joints contributed greater 
impulses, net joint moments, and net joint powers for the flywheel condition while 
the barbell condition had greater contributions from the knee.  The flywheel lunge 
exhibited smaller impulse contributions from the knee and larger impulse and net 
joint moment contributions from the ankle.  Lastly for the push press, the impulse 
and net joint power contributions from the hip were greater for the flywheel while 
the barbell condition elicited greater net joint moment and net joint powers from 
the knee.  These results show that exercises performed on a flywheel have different 
biomechanical demands compared to their traditional counterparts.  However, 
whether or not there were kinematic differences between conditions was not 
reported. 
Conclusions 
It appears that FRT is comparable, if not superior, to their traditional 
counterparts for increasing muscular size, strength, and power.  FRT, therefore, 
could be a promising modality both for athletic and clinical populations.  The 
eccentric overload imposed by the flywheel appears to be a critical factor that 
separates FRT from traditional resistance training with weights.  However, the vast 
majority of the FRT literature pertains to single-joint exercises such as knee 
extensions, as opposed to multi-joint compound movements such as the squat.  
Additionally, it has yet to be fully determined if FRT causes different joint 
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kinematics and kinetics compared to traditional resistance training with free 
weights. 
In conclusion, the squat is a foundational exercise for improving lower 
extremity strength and power both in athletic and clinical populations.  FRT appears 
to be a comparable, if not superior, modality for improving muscular strength and 
power most likely due to increased eccentric demand.  However, few studies have 
investigated how the biomechanics of exercises performed on a flywheel device 
compare to their traditional gravity-dependent counterparts.  Furthermore, few 
studies have considered the mechanics of complex, multi-joint exercises, such as the 
squat, when performed using a flywheel.     
 
 
 
 
 
 
 
 
 
 
 
 
 
14 
 
CHAPTER 3: METHODOLOGY 
The methodology chapter provides information on the specific procedures 
conducted to complete the study. Information regarding the experimental design, 
subjects, data collection procedures, instruments used, and statistical analyses are 
all contained within this section. 
Experimental Design 
For this study, subjects came to the lab for three visits.  Visit one included a 
health screening and 1RM testing.  Visit two served as a full familiarization session 
with the flywheel.  Visit three included 2D kinematic data collection of FRT and WT.  
The independent variables were the four different squatting conditions, with three 
being on the flywheel at different inertias (0.050, 0.075, and 0.100 kgm2) and one 
being the traditional barbell back squat (WT).  The dependent variables of interest 
were peak joint sagittal plane flexion/extension angles, as well as mean and peak 
sagittal plane joint angular velocities.  Two separate comparisons were made within 
this study.  The first aim was to compare within-subject kinematics as the rotational 
inertia of the flywheel was increased.  The second aim was to compare subject 
kinematics between FRT and WT squat conditions. 
Subjects 
All study screening, recruitment, and enrollment were performed in the 
Exercise Physiology Laboratory in the Seaton Building at the University of Kentucky.  
Young, apparently healthy resistance trained subjects from the local community 
volunteered to participate in this study.  All research procedures were approved by 
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the University of Kentucky institutional review board and all subjects completed 
written informed consent during their first visit.  Subjects were first screened for 
underlying cardiovascular disease by means of resting electrocardiogram (ECG) and 
the Physical Activity Readiness Questionnaire (PAR-Q).  Subjects were disqualified if 
they exhibited an abnormal ECG reading or answered “Yes” to any of the PAR-Q 
questions.  For inclusion in the study, subjects had to be ages 18-40, apparently 
healthy, resistance trained for at least two days per week for the past 6 months, 
were free of acute or chronic orthopedic injury, and were capable of performing 
upper and lower body resistance exercise.  Subjects were excluded if they had a 
history of major orthopedic surgery, experienced pain during exercise, or sustained 
injury to the back or extremities within the past 3 months.  For this study, subjects 
completed three separate resistance training sessions, each separated by at least 
one week.   
In total, ten subjects were recruited for this study with one subject being 
excluded due to failure to complete follow-up testing sessions.  Therefore, nine 
subjects consisting of 6 females and 3 males completed the entire study and were 
included in the final analysis.   
Testing Protocol 
On the first visit, subjects completed the informed consent, health history 
questionnaire, PAR-Q, resting ECG, and 1RM testing.  To assess lower extremity 
muscular strength, 1RM testing for the barbell back squat was performed.  
Following submaximal warm-up sets at a comfortable weight, subjects performed a 
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near maximal 1RM effort.  If the weight was successfully lifted, 5-10lbs of additional 
weight was added to the barbell and the effort was repeated.  The test was ended if 
the subject failed to lift the weight, or the subject declared that they could not lift 
any additional weight.  The greatest weight lifted while maintaining good form with 
the subject’s thighs reaching parallel with the ground was recorded as the subject’s 
squat 1RM.  For safety purposes, testing was performed in a squat rack with safety 
bars and spotters.   
On the second and third visits, subjects completed a bout of FRT squats on a 
flywheel iso-inertial resistance training device (kBox4 Pro, Exxentric AB, Bromma, 
Sweden).  The second visit served as a familiarization session.  Prior to each testing 
session, subjects completed a five-minute warm-up on a cycle ergometer.  Subjects 
were then attached to the flywheel device via a belt placed around their waist.  The 
belt was connected to a tether that was attached to the flywheel shaft.  Each session 
consisted of a set of six repetitions of the squat at each of the three rotational 
inertias (0.050, 0.075, and 0.100 kgm2).  The first repetition served as a submaximal 
“pre-repetition” while the subsequent five repetitions were performed at maximal 
effort. Only the five maximal effort repetitions were used for analysis. Subjects were 
instructed to perform the squat as quickly as possible while maintaining balance 
and depth (thighs parallel to ground).  The order of inertias was chosen randomly 
by a member of the research team.  Three minutes of rest were provided between 
each set. 
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On the third visit, the same FRT squat protocol from the second visit was 
repeated.  Following the FRT protocol subjects completed two sets of six repetitions 
of WT squats.  The barbell was loaded in accordance with the Kansas Squat Test 
(KST) protocol using the following formula: 
Barbell weight = ((0.70 x (BW+1RM))-BW) 
*BW=body weight 
The KST squat protocol was selected for determining the barbell load because the 
KST has been shown to be a reliable means of testing lower extremity peak and 
mean anaerobic power (15).  Because the FRT device is a power modality, matching 
it with a traditional power modality such as the KST was deemed appropriate.  
When loading the barbell for testing, the weight was rounded to the nearest 5lb 
increment.   
 Once the barbell was loaded, subjects performed two sets of six maximal 
effort repetitions.  They were instructed to perform the squat at as quickly as 
possible while still maintaining balance and depth.   
2D Kinematic Data Collection 
For 2D kinematic comparison, subjects were videoed in the sagittal plane on 
the third visit for both the FRT squat and WT squat protocols.  Subjects were 
videoed using a Canon Vixia HF R52 digital camcorder (Canon, Inc, Tokyo, Japan) at 
a sampling rate of 60 frames per second.  2D kinematic data collections procedures 
were in accordance with those of Miller and Nelson (30).  Specifically, the camera 
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was mounted on a tripod (AmazonBasics, Amazon.com, Inc, Seattle, WA), placed 12 
feet from the subject and oriented perpendicular to their right side.  A level built 
into the tripod ensured level placement of the camera.  Six 20mm reflective markers 
were placed on anatomical landmarks on the subject’s right side for ease of tracking.  
During the squat trials, the markers were illuminated with an Ozark Trail 1000LM 
Work Light (Walmart, Inc, Bentonville, AR).  Specifically, markers were placed on 
the lateral trunk, greater trochanter, lateral knee joint, lateral malleolus, lateral foot, 
and fifth metatarsal (Figure 1).  The lateral trunk was defined as distal to the bottom 
of the rib cage and superior to the right iliac crest. 
Marker trajectories were tracked using MaxTRAQ software (Innovision 
Systems, Inc, Columbiaville, MI) (Figure 2).  Data were then processed in MATLAB 
(Mathworks, Inc, Natick, MA) using a fourth order Butterworth filter with a cutoff 
frequency of 6 Hz, which was determined by residual analysis (49).  The trunk 
segment was defined by the lateral trunk and greater trochanter markers.  The thigh 
was defined by the greater trochanter and lateral knee markers.  The shank was 
defined by the lateral knee and lateral malleolus markers.  The foot was defined by 
the lateral foot and 5th metatarsal head markers.  The trunk, knee, and ankle angles 
were calculated by taking the dot product of the joint segments.  Because the pelvis 
could not be reliably tracked in the sagittal plane, the trunk was measured two 
ways: 1) a relative measure of the trunk and thigh segments which included the hip 
joint (trunk-hip) and 2) an absolute measure of the trunk segment relative to a right 
horizontal (trunk absolute).  These two measures were selected to better elucidate 
the role of the hip joint.  Joint angular velocities were calculated by taking the 
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derivative of the joint angular displacements with respect to time.  Joint angle and 
angular velocity data were then normalized to percent of squat cycle. 
In order to compare the FRT squat with the WT squat, average power was 
matched (± 10%).  For the flywheel, average power was recorded following each set 
from the Exxentric app.  Data were sampled every 5.625 degrees of flywheel 
rotation and averaged over a 40ms window then transmitted via Bluetooth to an iOS 
device (iPad 3 mini). This method of data collection allows for a greater data 
sampling at high rotational speeds.  The inertial load with the closest matching 
average power output to WT was selected for comparison. 
For the WT squat, average power was calculated by multiplying the force 
exerted by the barbell (mass*gravitational constant) by the vertical velocity of the 
bar.  The vertical velocity of the bar was calculated by taking the derivative of the 
bar’s displacement over time.   
Statistical Analyses 
Statistical analyses were performed using GraphPad Prism 7.0 (GraphPad 
Software Inc, La Jolla, CA). Within-subject comparisons of the three rotational 
inertias was conducted using a 1-way ANOVA with multiple comparisons.  A 
Greenhouse-Geiser Correction was used to correct for violations of sphericity. Tukey 
post-hoc analyses were used to quantify and interpret the significant interactions.  
Paired t-tests were performed to compare FRT with WT.   
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Lateral Trunk 
 Greater 
Trochanter 
 
Lateral Knee 
 
Lateral Malleolus 
 Lateral Foot 
 
5th Metatarsal Head 
 
Figure 1. Markerset for 2D video data collection.    
Reflective markers were placed on the lateral trunk (superior 
to the iliac crest and distal to the rib cage), greater trochanter, 
lateral knee joint, lateral malleolus, lateral foot, and the 5th 
metatarsal head. 
21 
 
 
  
Trunk-Hip Angle 
Knee Angle 
Ankle Angle 
Figure 2. Schematic of angles used for final kinematic analysis.  The trunk-hip 
angle was composed of the trunk and thigh segments.  The trunk (absolute) angle was 
calculated as the trunk segment relative to a right horizontal.  The knee angle was 
composed of the thigh and shank segments.  The ankle angle was composed of the 
shank and foot segments. 
Trunk Angle 
(Absolute) 
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CHAPTER 4: RESULTS 
The Results chapter presents the findings of the study, including subject 
characteristics, statistical findings, as well as charts and tables generated from the 
processed data. 
Subject Characteristics 
Subject characteristics are summarized in Table 1.  3 males (age = 20.0 ± 0.0 
years, height =175.8±6.1 cm, weight = 83.0±5.0 kg, BMI = 26.9±1.9 kg/m2) and 6 
females (age = 22.0 ± 2.5 years, height =163.8±6.3 cm, weight = 62.0±5.7 kg, BMI = 
23.2±3.2 kg/m2) participated in this study and were included in the final analysis.  
All subjects reported regular physical activity comprised of at least 2 days/week of 
exercise that included resistance training with weights. 
FRT Inertial Loading 
Peak sagittal plane angle values at each inertial load are reported in Table 2.  
For visual representation, ensemble curves for joint angles normalized to percent of 
squat movement are reported in Figure 11.  Overall, no significant differences were 
found in peak sagittal plane flexion/extension joint angles between the three 
inertial loads (0.050, 0.075, and 0.100 kgm2).  There were no differences in peak 
knee flexion and extension angles between 0.050, 0.075, and 0.100 kgm2 (Figure 3).  
There were no differences in peak trunk-hip flexion and extension angles between 
0.050, 0.075, and 0.100 kgm2 (Figure 4).  There were no differences in peak trunk 
(absolute) flexion and extension angles between 0.050, 0.075, and 0.100 kgm2 
(Figure 5).  There were no differences in peak ankle dorsiflexion and plantarflexion 
angles between 0.050, 0.075, and 0.100 kgm2 (Figure 6). 
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Mean sagittal plane joint angular velocity values are reported in Table 3.  For 
visual representation, ensemble curves for joint angular velocities normalized to 
percent of squat movement are reported in Figure 12.  Peak sagittal plane joint 
angular velocity values are reported in Table 4.  There were significant differences 
in both peak and mean knee, trunk-hip, and ankle joint angular velocities as angular 
velocity tended to decrease as inertial load was increased.   
At the knee joint, peak knee flexion (eccentric) angular velocity was greater 
at 0.050 kgm2 than 0.100 kgm2 (Figure 7b).  There were no differences between 
0.050 kgm2 and 0.075 kgm2, or between 0.075 kgm2 and 0.100 kgm2.  Peak knee 
extension (concentric) angular velocity was significantly greater at 0.050 kgm2 than 
0.075 kgm2, and 0.100 kgm2 (Figure 7a).  There was no difference between 0.075 
kgm2 and 0.100 kgm2.  There was a significant difference in mean knee flexion 
angular velocities between 0.050 kgm2 and 0.075 kgm2, and between 0.050 kgm2 
and 0.100 kgm2, but not between 0.075 kgm2 and 0.100 kgm2(Figure 7d).  There 
was a difference in mean knee extension angular velocity between 0.050 kgm2 and 
0.075 kgm2, between 0.050 kgm2 and 0.100 kgm2, and between 0.075 kgm2 and 
0.100 kgm2 (Figure 7c). 
For the trunk-hip, there was no difference in peak flexion angular velocities 
between any of the inertial conditions of 0.050, 0.075, and 0.100 kgm2 (Figure 8b).  
However, there was a difference in peak extension angular velocity between 0.050 
kgm2 and 0.100 kgm2 (Figure 8a).  There were no differences between 0.050 kgm2 
and 0.075 kgm2, or between 0.075 kgm2 and 0.100 kgm2.  There was a significant 
difference in mean trunk-hip flexion angular velocity between all three inertias 
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(Figure 8d).  For mean trunk-hip extension angular velocity, there was a difference 
between 0.050 kgm2 and 0.075 kgm2, and between 0.050 kgm2and 0.100 kgm2 
(Figure 8c).  There was no difference between 0.075 kgm2 and 0.100 kgm2. 
There were no differences between peak trunk (absolute) flexion and 
extension angular velocities between 0.050, 0.075, and 0.100 kgm2 (Figure 9a/b).  
Mean trunk (absolute) extension angular velocity at 0.100 kgm2 was significantly 
less than 0.050 kgm2 (Figure 9c).  There was no difference between 0.075 kgm2 and 
0.050 kgm2 or between 0.075 kgm2 and 0.100 kgm2.  There were no differences 
between any of the inertial loads for mean trunk (absolute) flexion angular velocity 
(Figure 9d). 
There was no difference in peak dorsiflexion angular velocities or peak 
plantarflexion angular velocities between any of the inertias (Figure 10a/b).  Mean 
dorsiflexion angular velocity was significantly greater at 0.050 kgm2 than both 0.075 
and 0.100 kgm2, while 0.075 kgm2 was greater than 0.100 kgm2 (Figure 10d).  Mean 
plantarflexion angular velocity was significantly greater at 0.050 kgm2 than 0.100 
kgm2, and at 0.075 kgm2 than 0.100 kgm2, but not between 0.050 kgm2 and 0.075 
kgm2 (Figure 10c).    
FRT vs. WT 
Three subjects (n=2 males, n=1 female) were successfully matched for mean 
power output (± 10%) between the FRT squat condition and the WT squat 
condition.  No statistical analyses were performed due to the small sample size.  
Visual representations of joint angles and angular velocities normalized to percent 
of squat movement are provided in Figures 13 and 14.   
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Peak sagittal plane joint angles are reported in Table 5.  Peak knee flexion 
angles for FRT were 96.9 ± 20.9° and 92.9 ± 5.7° for WT.  Peak knee extension angles 
for FRT were 0.6 ± 0.8° and 0.2 ± 0.2° for WT.  Peak trunk flexion angles were 104.8 
± 7.5° for FRT and 117.2 ± 26.5° for WT.  Peak trunk extension angles were 10.3 ± 
8.9° for FRT and 8.3 ± 7.0° for WT.  Peak ankle dorsiflexion angles for FRT were 
119.4 ± 6.3° and 113.8 ± 3.2° for WT.  Peak ankle plantarflexion angles were 80.7 ± 
3.2° for FRT and 83.9 ± 1.6° for WT. 
Peak sagittal plane joint angular velocities are reported in Table 7.  Peak knee 
flexion angular velocities were 168.7 ± 13.7°/s for FRT and 175.4 ± 23.5°/s for WT.  
Peak knee extension angular velocities were 185.4 ± 11.4°/s for FRT and 250.1 ± 
53.0°/s for WT.  Peak trunk-hip flexion angular velocities were 169.5 ± 4.3°/s for 
FRT and 202.6° ± 51.3°/s for WT.  Peak trunk-hip extension angular velocities were 
162.7 ± 9.3°/s for FRT and 117.0 ± 31.8°/s for WT.  Peak trunk (absolute) flexion 
angular velocities were 93.5 ± 18.1°/s for FRT and 117.0 ± 31.8°/s for WT.  Peak 
trunk (absolute) extension angular velocities were 83.4 ± 8.3°/s for FRT and 122.7 ± 
48.4°/s for WT.  Peak ankle dorsiflexion angular velocities were 111.3 ± 64.5°/s for 
FRT and 93.4 ± 20.2°/s for WT.  Peak ankle plantarflexion angular velocities were 
118.9 ± 62.7°/s for FRT and 106.3 ± 20.7°/s for WT. 
Mean sagittal plane joint angular velocities are reported in Table 6.  Mean 
knee flexion angular velocities were 86.4 ± 12.9°/s for FRT and 85.5 ± 14.1°/s for 
WT.  Mean knee extension angular velocities were 80.3 ± 23.0°/s for FRT and 104.3 
± 19.8°/s for WT.  Mean trunk-hip flexion angular velocities were 80.3 ± 9.1°/s for 
FRT and 103.4 ± 28.6°/s for WT.  Mean trunk-hip extension angular velocities were 
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82.9 ± 16.6°/s for FRT and 122.0 ± 40.0°/s for WT.  Mean trunk flexion angular 
velocities were 28.4 ± 3.0°/s for Flywheel and 45.3 ± 8.2°/s for Traditional.  Mean 
trunk extension angular velocities were 30.9 ± 6.4°/s for FRT and 53.7 ± 20.8°/s for 
WT.  Mean ankle dorsiflexion angular velocities were 33.1 ± 9.1°/s for FRT and 27.1 
± 3.4°/s for WT.  Peak ankle plantarflexion angular velocities were 35.1 ± 16.3°/s for 
FRT and 34.4 ± 8.7°/s for WT. 
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Table 1
Subject characteristics
Age (years) Height (cm) Weight (kg) BMI (kg/m2)
Male (n=3) 20.0 ± 0.0 175.8 ± 6.1 83.0 ± 5.0 26.9 ± 1.9
Female (n=6) 22.0 ± 2.5 163.8 ± 6.3 62.0 ± 5.7 23.2 ± 3.2
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Table 2
Knee Flexion 88.7 ± 13.4 91.7 ± 13.7 90.3 ± 13.5
Knee Extension 3.1 ± 5.8 3.8 ± 7.9 2.8 ± 6.0
Trunk-Hip Flexion 103.7 ± 19.3 106.8 ± 16.0 107.6 ± 18.0
Trunk-Hip Extension 14.7 ± 13.7 15.3 ± 12.6 13.2 ± 13.4
Trunk Flexion (Absolute) 50.5 ± 16.1 51.2 ± 12.1 49.6 ± 12.6
Trunk Extension (Absolute) 15.1 ± 9.2 16.0 ± 7.5 13.9 ± 8.8
Ankle Dorsiflexion 112.0 ± 6.9 112.8 ± 8.0 106.1 ± 10.8
Ankle Plantarflexion 80.4 ± 2.7 80.5 ± 4.0 86.3 ± 16.9
Increasing Inertial Load Does Not Affect Peak Sagittal Plane Joint Angles of the Trunk and 
Lower Extremity during Flywheel Resistance Training Squats (Degrees).
0.050 0.075 0.100
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Table 3
Knee Flexion 74.5 ± 18.3 65.6 ± 15.5* 59.5 ± 13.0*
Knee Extension 76.1 ± 16.9 62.3 ± 12.5* 54.9 ± 11.3*#
Trunk-Hip Flexion 77.2 ± 21.8 67.1 ± 18.1* 60.4 ± 16.0*#
Trunk-Hip Extension 78.7 ± 23.3 67.2 ± 19.7* 62.0 ± 17.6*
Trunk Flexion (Absolute) 26.9 ± 15.3 26.2 ± 10 22.7 ± 13.2
Trunk Extension (Absolute) 31.7 ± 12.7 27.3 ± 11.2 23.4 ± 12.5*
Ankle Dorsiflexion 27.7 ± 8.5 23.6 ± 6.3* 20.4 ± 6.1*#
Ankle Plantarflexion 28.2 ± 11.5 22.4 ± 5.5 19.9 ± 4.8*#
#significantly different from 0.075 kgm
2
 (p<0.050)
Mean Sagittal Plane Joint Angular Velocities Decrease With Increasing Inertial Load 
(Degrees/second).
0.050 0.075 0.100
*significantly different from 0.050 kgm
2
 (p<0.050)
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Table 4
Knee Flexion 159.9 ± 26.5 145.4 ± 27.2 136.1 ± 24.9*
Knee Extension 147.2 ± 40.3 132.7 ± 39.4* 127.0 ± 37.8*
Trunk-Hip Flexion 152.4 ± 41.0 142.8 ± 37.7 133.8 ± 33.7
Trunk-Hip Extension 144.2 ± 35.3 131.6 ± 41.6 127.7 ± 37.5*
Trunk Flexion (Absolute) 73.6 ± 24.0 76.4 ± 29.3 70.1 ± 27.1
Trunk Extension (Absolute) 74.4 ± 21.8 74.9 ± 30.3 69.2 ± 24.3
Ankle Dorsiflexion 79.2 ± 41.6 62.6 ± 15.6 57.8 ± 14.1
Ankle Plantarflexion 79.2 ± 47.5 59.4 ± 18.2 58.2 ± 20.4
#significantly different from 0.075 kgm2 (p<0.050)
Peak Knee and Trunk-Hip Sagittal Plane Joint Angular Velocities Decrease with Increasing 
Inertial Load (Degrees/second).
0.050 0.075 0.100
*significantly different from 0.050 kgm
2
 (p<0.050)
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Table 5
FRT WT
Knee Flexion 96.9 ± 20.9 92.9 ± 5.7
Knee Extension 0.6 ± 0.8 0.2 ± 0.2
Trunk-Hip Flexion 104.8 ± 7.5 117.2 ± 26.5
Trunk-Hip Extension 10.3 ± 8.9 8.3 ± 7.0
Trunk Flexion (Absolute) 34.3 ± 12.3 33.1 ± 16.2
Trunk Extension (Absolute) 78.0 ± 8.9 80.7 ± 7.4
Ankle Dorsiflexion 119.4 ± 6.3 113.8 ± 3.2
Ankle Plantarflexion 80.7 ± 3.2 83.9 ± 1.6
Peak Sagittal Plane Peak Joint Angles for FRT and WT (Degrees) (n=3).
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Table 6
FRT WT
Knee Flexion 86.4 ± 12.9 85.5 ± 14.1
Knee Extension 80.3 ± 23.0 104.3 ± 19.8
Trunk-Hip Flexion 80.3 ± 9.1 103.4 ± 28.6
Trunk-Hip Extension 82.9 ± 16.6 122.0 ± 40.0
Trunk Flexion (Absolute) 28.4 ± 3.0 45.3 ± 8.2
Trunk Extension (Absolute) 30.9 ± 6.4 53.7 ± 20.8
Ankle Dorsiflexion 33.1 ± 9.1 27.1 ± 3.4
Ankle Plantarflexion 35.1 ± 16.3 34.4 ± 8.7
Mean Sagittal Plane Joint Angular Velocities for FRT and WT 
(Degrees/second) (n=3).
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Table 7
FRT WT
Knee Flexion 168.7 ± 13.7 175.4 ± 23.5
Knee Extension 185.4 ± 11.4 250.1 ± 53.0
Trunk-Hip Flexion 168.5 ± 4.3 202.6 ± 51.3
Trunk-Hip Extension 162.7 ± 9.3 228.0 ± 68.1
Trunk Flexion (Absolute) 93.5 ± 18.1 117.0 ± 31.8
Trunk Extension (Absolute) 83.4 ± 8.3 122.7 ± 48.4
Ankle Dorsiflexion 111.3 ± 64.5 93.4 ± 20.2
Ankle Plantarflexion 118.9 ± 62.7 106.3 ± 20.7
Peak Sagittal Plane Joint Angular Velocities for FRT and WT 
(Degrees/second) (n=3).
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A 
B 
Figure 3. Increasing inertial load does not change 
peak sagittal plane knee angles during the FRT squat.  
Statistical differences were determined via 1-way 
repeated measures ANOVA.  (A) Peak knee flexion angles.  
(B) Peak knee extension angles.   
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Figure 4. Increasing inertial load does not 
change peak sagittal plane trunk-hip angles 
during the FRT squat.  Statistical differences were 
determined via 1-way repeated measures ANOVA.  
(A) Peak trunk-hip flexion angles.  (B) Peak trunk-
hip extension angles.   
 
A 
B 
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Figure 5. Increasing inertial load does not 
change peak sagittal plane trunk (absolute) 
angles during the FRT squat.  Statistical 
differences were determined via 1-way repeated 
measures ANOVA.  (A) Peak trunk (absolute) flexion 
angles.  (B) Peak trunk (absolute) extension angles.   
 
A 
B 
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Figure 6. Increasing inertial load does not change 
peak sagittal plane ankle angles during the FRT 
squat.  Statistical differences were determined via 1-way 
repeated measures ANOVA.  (A) Peak ankle dorsiflexion 
angles.  (B) Peak ankle plantarflexion angles.   
 
A 
B 
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C D 
Figure 7. Increasing inertial load decreases both peak and mean sagittal 
plane knee joint angular velocities during the FRT squat.  Statistical 
differences were determined via 1-way repeated measures ANOVA.  (A) Peak 
knee extension angular velocities for each inertia.  (B) Peak knee flexion 
angular velocities for each inertia.  (C) Mean knee extension angular velocities 
for each inertia.  (D) Mean knee flexion angular velocities for each inertia. 
 
*significantly different from 0.050 kgm2 (p<0.050) 
#significantly different from 0.075 kgm2 (p<0.050) 
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Figure 8. Increasing inertial load decreases both peak and mean trunk-
hip extension angular velocities, and also decreases mean trunk-hip 
flexion angular velocities during the FRT squat.  Statistical differences 
were determined via 1-way repeated measures ANOVA.  (A) Peak trunk-hip 
extension angular velocities for each condition.  (B) Peak trunk-hip flexion 
angular velocities for each condition.  (C) Mean trunk-hip extension angular 
velocities for each condition.  (D) Mean trunk-hip flexion angular velocities 
for each condition. 
 
*significantly different from 0.050 kgm2 (p<0.050) 
#significantly different from 0.075 kgm2 (p<0.050) 
 
A 
C D 
B 
Peak Trunk-Hip Flexion 
Mean Trunk-Hip Extension Mean Trunk-Hip Flexion 
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C D 
Figure 9. Increasing inertial load does not change trunk (absolute) peak 
or mean joint angular velocities during the FRT squat.  Statistical 
differences were determined via 1-way repeated measures ANOVA.  (A) Peak 
trunk (absolute) extension angular velocities for each condition.  (B) Peak 
trunk (absolute) flexion angular velocities for each condition.  (C) Mean trunk 
(absolute) extension angular velocities for each condition.  (D) Mean trunk 
(absolute) flexion angular velocities for each condition. 
 
*significantly different from 0.050 kgm2 (p<0.050) 
#significantly different from 0.075 kgm2 (p<0.050) 
 
Trunk (Absolute) Peak 
Extension 
Trunk (Absolute) Peak 
Flexion 
Trunk (Absolute) Mean 
Extension 
Trunk (Absolute) Mean 
Flexion 
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Figure 10. Increasing inertial load decreases mean, but not peak, sagittal plane 
ankle angular velocities during the FRT squat.  Statistical differences were 
determined via 1-way repeated measures ANOVA.  (A) Peak ankle plantarflexion 
angular velocities for each condition.  (B) Peak ankle dorsiflexion angular velocities 
for each condition.  (C) Mean ankle plantarflexion angular velocities for each 
condition.  (D) Mean ankle dorsiflexion angular velocities for each condition. 
 
*significantly different from 0.050 kgm2 (p<0.050) 
#significantly different from 0.075 kgm2 (p<0.050) 
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Figure 11. Joint angles at each inertial load during the FRT squat 
normalized to percent of movement.  Zero degrees represents full 
extension.  (A) Ensemble curve for sagittal plane knee 
flexion/extension.  (B) Ensemble curve for sagittal plane trunk-hip 
flexion/extension. (C) Ensemble curve for sagittal plane trunk 
(absolute) flexion/extension.  (D) Ensemble curve for sagittal plane 
ankle dorsiflexion/plantarflexion. 
A B 
C 
Trunk-Hip 
D 
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Figure 12. Joint angular velocities at each inertial load during the FRT 
squat normalized to percent of movement. Negative values represent the 
concentric portion (extension) while positive values represent the eccentric 
portion (flexion).  (A) Ensemble curve for sagittal plane knee 
flexion/extension angular velocities.  (B) Ensemble curve for sagittal plane 
trunk-hip flexion/extension angular velocities.  (C) Ensemble curve for 
sagittal plane trunk (absolute) flexion/extension angular velocities.  (D) 
Ensemble curve for sagittal plane ankle dorsiflexion/plantarflexion angular 
velocities. 
Trunk-Hip 
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  B A 
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Figure 13. Joint angles during the FRT squat compared to the WT squat 
normalized to percent of movement (n=3).  Zero degrees represents full 
extension.  (A) Ensemble curve for sagittal plane knee flexion/extension angles.  
(B) Ensemble curve for sagittal plane trunk-hip flexion/extension angles.  (C) 
Ensemble curve for sagittal plane trunk (absolute) flexion/extension angles.  (D) 
Ensemble curve for sagittal plane ankle dorsiflexion/plantarflexion angles. 
Trunk-Hip 
D 
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Figure 14. Joint angular velocities during the FRT squat compared to the 
WT squat normalized to percent of movement (n=3).  Negative values 
represent the concentric portion (extension) while positive values represent 
the eccentric portion (flexion).  (A) Ensemble curve for sagittal plane knee 
flexion/extension throughout the squat.  (B) Ensemble curve for sagittal plane 
trunk flexion/extension throughout the squat.  (C) Ensemble curve for sagittal 
plane ankle dorsiflexion/plantarflexion throughout the squat. 
Trunk-Hip 
B 
C 
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CHAPTER 5: DISCUSSION 
The Discussion chapter interprets the findings reported in the Results 
chapter (Chapter 4) and also discusses possible limitations to the study. The 
purpose of the Discussion is to contribute further biomechanical knowledge to the 
topic of FRT. 
Discussion 
The primary finding of this study is that sagittal plane joint angular velocities 
of the knee, trunk, and ankle (but not peak joint angles) significantly decrease with 
increasing inertial load during the FRT squat.  Therefore, the hypothesis that 
subjects would have increased peak knee and trunk flexion at the highest inertia of 
0.100 kgm2 was not supported.  To our knowledge, this is the first study to describe 
sagittal plane kinematics during multi-joint FRT exercise.   
We hypothesized that due to the well described eccentric overload during 
FRT, our subjects would display increased peak sagittal plane joint angles with 
increasing inertial load.  However, we found no significant effect of inertial load on 
peak angles of the knee, trunk, or ankle.  Previous studies on barbell back squats 
have shown increased peak knee and trunk/hip inclination angles with increases in 
load (29, 50).  This was not the case with the FRT squat.  During the FRT squat, the 
concentric action accelerates the flywheel.  This must then be decelerated during the 
eccentric action, making the concentric and eccentric actions proportionate.  It could 
be that as concentric velocity decreased with higher inertial loads, peak joint angles 
were able to be maintained.  Furthermore, with a barbell back squat, the barbell 
rests across the upper back.  With the initiation of hip flexion during the descent, the 
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barbell imposes a downward torque on the trunk.  This is not the case with the FRT 
squat in which force is transferred from the user to the flywheel and vice versa by 
means of a belt and tether fastened around the waist.  This absence of a top-heavy 
load could also explain why no differences in peak sagittal plane joint angles were 
observed with increasing inertial load.  It could also be that a greater range of 
inertial loads needs to be investigated to better elucidate if inertial load has an effect 
on peak sagittal plane joint angles.   
It was found that overall, subjects achieved significantly faster peak and 
mean joint angular velocities at 0.050 kgm2 compared to 0.075 kgm2 and 0.100 
kgm2.  However, relatively few differences were found between 0.075 kgm2 and 
0.100 kgm2.  At the knee joint, 0.050 kgm2 resulted in significantly faster mean knee 
flexion (eccentric) angular velocities compared 0.075 and 0.100 kgm2.  The 0.050 
kgm2 condition also resulted in faster mean and peak knee extension (concentric) 
angular velocities relative to 0.075 and 0.100 kgm2.  There were no differences 
between 0.075 kgm2 and 0.100 kgm2 for peak knee extension, peak knee flexion, or 
mean knee flexion angular velocities.  Similar trends were found for the trunk-hip, 
but not the ankle.  These results suggest that if velocity of movement and muscular 
power are the goal, then an inertia of 0.050 kgm2 should be used as this resulted in 
the fastest mean and peak angular velocities.  0.075 kgm2and 0.100 kgm2 produced 
similar effects and were statistically the same on many angular velocity measures, 
perhaps indicating a threshold at which high velocity movement cannot be 
sustained as effectively.  Training knee extensor velocity and power is desirable for 
many athletic endeavors such as jumping and sprinting.  The results of this study 
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suggest that flywheel squat training with an inertia of 0.050 kgm2 to be most 
suitable for this purpose.  Martinez-Aranda & Fernandez-Gonzalo et al. (14) for 
found an inertia of 0.0375 kgm2 to be most suitable for power production for the 
knee extension exercise.  However, the FRT squat is a multi-joint exercise that 
involves more muscle groups than a single-joint knee extension.  It therefore makes 
sense that a larger inertial load might be necessary for optimizing power production 
during a FRT squat. 
Mean trunk-hip flexion and extension angular velocities were significantly 
faster at 0.050 kgm2 compared to the other inertias.  Peak trunk-hip extension and 
flexion trended towards significance where p=0.0596 and p=0.0661 respectively.  
However, when looking at the mean trunk (absolute) angular velocities, 0.050 kgm2 
was only faster than 0.100 kgm2 in extension.  There were not any differences for 
trunk (absolute) angular velocities on any other measure.  Although the hip joint 
was not directly measured in this study, these results suggest that these slower 
rotational velocities with higher inertias are attributable to slower rotations from 
the hip joint-down, not the actual trunk.  This shows that the trunk was not as 
responsive to increases in inertial load as the hip, knee, and ankle.  Therefore, since 
trunk (absolute) kinematics were largely maintained despite increasing inertial 
load, FRT squats might be preferable to squats with a barbell for those looking to 
reduce strain on the back.  Future research with 3D motion capture could help to 
better elucidate the relationship between the trunk, pelvis, and thigh segments 
during FRT squats. 
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The general kinematic results of this study agree with previous research on 
squat mechanics which report peak angular velocities ranging from 140-800 
degrees/second at the knee, and 70 degrees/second at the ankle (40, 24).  Peak joint 
angles are also in agreement with previous literature (20). 
FRT vs. WT 
Although no statistical analyses were performed on the FRT vs. WT sub-
group due to the small sample size (n=3), it appears there could be a difference in 
both trunk-hip and trunk (absolute) measures.  It could be that FRT affects 
interactions between the trunk, pelvis, and lower extremity differently than WT.  
Future studies, perhaps with 3D motion capture, could better elucidate these 
interactions.   
Both conditions FRT and WT appeared to elicit more similar joint angular 
velocities during the eccentric portion of the movement, while WT showed 
markedly greater angular velocities during the concentric portion.  This is most 
likely due to the flywheel requiring maximal effort throughout the entire range of 
motion, whereas the WT squat requires greatest effort only at the “sticking point” of 
the movement.  Again, further investigation with a larger sample size is warranted 
to determine if FRT and WT are kinematically different.  
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CHAPTER 6: CONCLUSIONS 
The Conclusions chapter contains an overall summary of the study, 
conclusions based on the results and discussion, and recommendations for future 
research. 
Summary 
The primary purpose of this study was to determine if sagittal plane joint 
kinematics change with increasing inertial load during FRT squats.  The secondary 
purpose was to determine how FRT joint kinematics compare to WT joint 
kinematics.   
For the first visit, subjects (n=9) completed a health screening consisting of a 
PAR-Q questionnaire, a health history questionnaire, and a resting ECG to ensure 
that they were healthy for exercise.  They then performed barbell back squat 1RM 
testing to determine lower extremity muscular strength.  Following submaximal 
warm-up sets at a comfortable weight, subjects performed a near maximal 1RM 
effort.  If the weight was successfully lifted, 5-10lbs of additional weight was added 
to the barbell and the effort was repeated.  The test was ended if the subject failed to 
lift the weight, or the subject declared that they could not lift any additional weight.  
Spotters and squat rack safety bars were provided for safety.  For the second visit, 
subjects completed a full FRT familiarization session consisting of a 5-minute 
cycling warm-up followed by one set of 5 maximal effort FRT squats at each inertial 
load (0.050, 0.075, and 0.100 kgm2).  On the third visit, markers were placed on key 
anatomical landmarks and subjects were videoed in the sagittal plane while 
performing the FRT squat protocol.  Subjects then completed 5 maximal velocity 
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repetitions of WT squats with the barbell loaded according to the Kansas Squat Test 
(KST) protocol.   
Marker trajectories were tracked using MAXTRAQ software (Innovision 
Systems, Inc, Columbiaville, MI).  Marker coordinate data were then filtered, and 
joint angles and angular velocities were calculated using MATLAB (Mathworks, Inc, 
Natick, MA).  1-way repeated measures ANOVAs were performed to determine 
differences in sagittal plane joint kinematics between each inertial load (0.050, 
0.075, and 0.100 kgm2).  FRT and WT were to be compared with paired T-tests 
should enough subjects have been matched for mean power output between 
conditions. 
Overall, there were no differences in peak sagittal plane knee, trunk-hip, 
trunk (absolute) or ankle angles between inertial loads.  Peak and mean joint 
angular velocities decreased with increasing inertial loads at the knee and trunk-
hip.  Specifically,  
Mean joint angular velocities decreased at the ankle with increasing inertial 
loads, while peak and mean trunk (absolute) angular velocities were unaffected.  No 
statistical analyses were conducted for FRT and WT comparison as not enough 
subjects met the criteria (n=3) 
Conclusions 
Based on the results of this study the following conclusions are warranted: 
1. The hypothesis that greater inertial loads would elicit increased peak sagittal 
plane knee and trunk flexion angles was rejected.  Therefore, increasing 
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inertial load does not affect sagittal plane peak joint angles during FRT 
squats. 
2. The hypothesis that greater inertial loads would result in decreased sagittal 
plane joint angular velocities was largely accepted.  Increasing inertial load 
results in reduced joint angular velocities. 
3. The inertial load of 0.050 kgm2 resulted in the greatest mean and peak knee 
joint extension/flexion angular velocities.  This suggests that of the three 
inertial loads analyzed, 0.050 kgm2 is optimal for developing knee extensor 
velocity of movement. 
The results of this study also suggest that the trunk responds differently to FRT 
squats and increases in inertial load differently than WT squats.  This is supported 
by the diminished response to increased inertial load with the trunk (absolute) 
angular velocity measure, as well as the preliminary data for the FRT squat vs. WT 
squat comparison.  Future research can look to better determine how the trunk and 
pelvis might respond differently to FRT squats compared to WT squats. 
Recommendations for Future Research 
 Based on the results of this study, future research can look to better tease out 
the interaction between the thigh, pelvis, and trunk/spine during FRT squats 
compared to WT squats.  3D motion capture paired with EMG of the low back 
musculature might help to accomplish this.  The addition of kinetic data from force 
plates would help to bolster any findings. 
Additionally, it would be interesting to examine possible differences between 
males and females during FRT squats as it could be that different squatting 
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strategies are adopted by males and females.  It has been shown that subjects with 
larger pelvic width to femoral length ratios sometimes display greater static knee 
valgus and dynamic knee valgus when performing a single-leg squats (38).   
Overall, 3D kinematic and kinetic data paired with EMG would help to further 
fill in the picture of how individuals respond to FRT squats and inertial loading, 
especially compared to WT squats.  
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